INTRODUCTION
Encapsulation techniques are fmding increasing interest in a variety of areas of biotechnology. Enzymes, living ceils, hormones, drugs, adsorbents and other bioactive materials can be encapsulated and used in bioreactors, artificial organs, controlled drug-release systems, bioseparation systems and etc (Chang, 1972; Kondo, 1979; Lira, 1984; Nigam, 1988; Nixon, 1976) . Ideally, encapsulation of bioactive materials should be carried out in mild conditions and materials employed should be inert and non-toxic. However, a number of encapsulation techniques utilizing covalent binding hydrogel membranes require harsh conditions such as the use of non-aqueous solvents, extremes of pH, or high temperature. Recently ionotropic gels have been used for encapsulating bioactive materials under mild conditions.
Lim et al. (1980; 1982; 1984) successfully encapsulated living ceils in poly (L-lysine)-alginate capsules. Cells are initially entrapped in calcium-alginate gel beads. Calcium ions in the outer skin of the beads are displaced by poly (L-lysine) to form a polyelectrolyte complex membrane and calcium alginate gel thus wrapped by the complex is liquified using a calcium chelating agent. Difficulties in reproducing the complicated procedures of microencapsulation and in scale-up may restrict the extension of this method to a variety of applications.
Spiekermann et a/. (1987) and Klein et al. (1986) described a simplified method for encapsulating living cells in calcium-alginate capsules. In this method cells are not suspended in an alginate solution but in a calcium chloride solution. Droplets of calcium chloride solution containing cells are dropped into alginate solution and then instantly wrapped with calcium-alginate gel membrane. This method ensures that bioactive materials to be encapsulated never come into contact with the ionotropic gel-forming polymers and stay within their original environment. In addition to the simplicity of the procedures in comparison with the previous method (Lira et al., 1980; 1982; 1984) , this method may also have the advantages of controlling and reproducing various characteristics of the hydrogel membrane such as thickness, pore-size, surface charge, mechanical properties and others by varying reaction time of capsule formation, alginate and/or calcium ion concentration(s) and employing different kinds of gel-forming polymer.
In this article techniques for preparing several new types of membrane capsules using different hydrogels are described. All of these techniques use mild conditions suitable for encapsulating even the most delicate bioz~cfive materials such as animal cells. The capsules were formed using both single gel-forming polymer or a combination of several gel-forming polymers. Gel-forming polymers employed in this technique include alginate, agarose and chitosan. However the general methodology described can be easily extended to include a wide variety of other similar gel-forming polymers.
MATERIALS AND METHODS
Preparation of Calcium-Alginate Capsules: Calcium-alginate capsules were prepared using a simple one-step process similar to the one described by Spikerman et. al. (1987) and Klein et al. (1986) . A solution containing 0.5% (w/v) sodium alginate (Kelco Gel LV) is prepared (Solution A). An another solution containing 1.3% (w/v) calcium chloride and 20% (w/v) dextran (M.W. 40,000 ; Sigma) is prepared (Solution B), where dextran serves as a non-gelling polymer which is used to modulate the viscosity and density of Solution B to ensure spherical shape of capsules. It diffuses out of the capsule after the encapsulation is complete. Droplets of Solution B are dropped through a hypodermic needle into rapidly stirred Solution A. A capsular membrane forms instantaneously around the droplet due to the cross-linking of the interfacial alginate molecules by calcium cations. Prior to the removal of capsules Solution A is diluted more than five-fold by adding required amount of distilled water or appropriate buffer. This step dilutes the alginate solution outside the capsules and reduces the possibility of capsules joining each other when they are in close contact. The capsules are transferred to a 1.3%
